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Abstract: Recently, we demonstrated that tumorigenic cell lines and fresh tumor cells seeded in a 3D Matrigel
model, first grow as clonal islands (primary aggregates), then coalesce through the formation and contraction of cel-
lular cables. Non-tumorigenic cell lines and cells from normal tissue form clonal islands, but do not form cables or
coalesce. Here we show that as little as 5% tumorigenic cells will actively mediate coalescence between primary ag-
gregates of majority non-tumorigenic or non-cancerous cells, by forming cellular cables between them. We suggest
that this newly discovered, specialized characteristic of tumorigenic cells may explain, at least in part, why tumors
contain primarily non-tumorigenic cells.
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Introduction

When cells from a variety of different tumors
are dissociated, a surprisingly high proportion
proves to be non-tumorigenic [1-4]. Moreover,
the cells within a tumor can be diverse both
phenotypically [5-7] and genotypically [8, 9]. A
major supposition is that tumors arise clonally
and therefore phenotypic heterogeneity is
developmental. Cells in a tumor differentiate in
space and time, and the minority that are
tumorigenic have retained an undifferentiated
and hence tumorigenic phenotype [1]. This has
provided part of the basis for the cancer stem
cell theory [10, 11]. However, there is another
theory, the field cancerization effect [12], first
put forth by Slaughter et al. [13]. He based this
theory on a high incidence of multiple primary
tumors observed in case studies of head and
neck cell carcinomas [13]. He suggested that
tumor growth could be mediated, at least in
part, by the coalescence of multiple tumorigen-
ic foci within a tissue, a process that would con-
tribute to tumor heterogeneity. Subsequently,
field cancerization has been described in many
other cancers [14-22].

Recently, we developed a computer-assisted in
vitro model for reconstructing in 3D cell behav-

ior in a 3D Matrigel matrix over extended peri-
ods of time [23-25]. Imaging is accomplished
using differential interference contrast micros-
copy (DIC) and, therefore, does not require dyes
or fluorescent techniques, which introduce tox-
icity [26, 27]. A single z-series through 1 mm
of Matrigel can be acquired at time intervals
as short as once every 5 seconds and the
process repeated indefinitely. Using this model,
we discovered that cells from tumorigenic cell
lines and fresh tumors, when seeded in a 3D
Matrigel matrix, grow into clonal islands, or pri-
mary aggregates, that then coalesce to form
large aggregates. These large aggregates then
undergo morphogenesis to generate a highly
structured, large spherule [23-25]. Coalescence
is facilitated by specialized cells that exit neigh-
boring aggregates, forming cellular cables bet-
ween the primary aggregate. These cables con-
tract, moving smaller aggregates into larger
ones. This active process continues, generating
a final large aggregate that then undergoes
differentiation. We found this general scena-
rio true for cells from tumor tissues and cell
line from a variety of cancers. In marked con-
trast, non-tumorigenic, or very weakly tumori-
genic lines, and cells from healthy control tis-
sues, also form clonal islands in a 3D Matrigel
through cell multiplication, but then fail to gen-
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erate the specialized cells and fail to undergo
coalescence [24].

Here, we have investigated the possibility that
tumor heterogeneity, most notably mixtures of
majority non-tumorigenic cells and minority
tumorigenic cells, may be due not only to the
differentiation of cells within a tumor, but also
to the active recruitment of non-tumorigenic
cells by tumorigenic cells into the tumor. To
investigate this hypothesis, we have employed
the tumorigenic breast cancer cell line, MoVi-
107, which was engineered through overexpres-
sion of the intermediate filament vimentin, and
either the weakly tumorigenic parent line,
MCF-7 or the non-tumorigenic breast cell line
MCF-10A [28], both of which do not undergo
coalescence [29]. We show that as little as 5%
of tumorigenic MoVi-10~ cells will actively cause
primary aggregates of majority MCF-7 cells or
MCF-10A cells, formed by cell multiplication, to
undergo coalescence. Using differential exp-
ression of GFP, we further demonstrate that
coalescence is mediated by the formation of
cables composed entirely of minority MoVi-10~
cells. These cellular cables contract, pulling
smaller aggregates of non-tumorigenic cells
into larger aggregates. These results suggest
an alternative mechanism for the presence of a
high percentage of non-tumorigenic cells within
a given tumor and thus provide an additional
perspective on how tumor heterogeneity may
arise in vivo.

Methods
Cell culture

The weakly tumorigenic, parental breast cancer
cell line MCF-7 and its tumorigenic, vimentin
over-expressing derivative MoVi-10~ were gen-
erous gifts from Dr. Mary Hendrix (Northwestern
University Feinberg School of Medicine) [29].
MoVi-10~ and MCF-7 cells were cultured in
RPMI medium (RPMI 1640, Life Technologies,
Carlsbad, CA) supplemented with 10% (v/v)
heat-inactivated fetal bovine serum (Atlanta
Biologicals, Norcross, GA), 1X GlutaMAX (Life
Technologies) and penicillin/streptomycin (Life
Technologies). A GFP-tagged MCF-7 cell line
was obtained from Cell Biolabs (San Diego, CA;
http://www.cellbiolabs.com) and cultured in
Dulbecco’s Modified Eagle’s medium (DMEM,
Life Technologies, Carlsbad, CA) supplemented
with 10% FBS and 1X nonessential amino acids
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(Life Technologies, Carlsbad, CA). MCF-10A, a
non-tumorigenic cell line, derived from normal
breast epithelial cells [28], was obtained from
the American Type Culture Collection (http://
www.atcc.org) and maintained in mammary
epithelial cell basal medium supplemented
with epidermal growth factor, hydrocortisone,
insulin (MEGM Bullet Kit, Lonza) and cholera
toxin (100 ng/ml, Sigma) [30]. MDA-MB-231
cells were obtained from Sigma-Aldrich (http://
www.sigmaaldrich.com) and cultured in L-15
medium supplemented with 15% fetal bovine
serum (Atlanta Biologicals, Norcross, GA), 1X
GlutaMAX (Life Technologies, Carlsbad, CA)
and penicillin/streptomycin (Life Technologies,
Carlsbad, CA). The inflammatory breast cancer
cell line SUM149 was a generous gift from Dr.
Kenneth Van Golen (University of Delaware,
Newark, DE). SUM149 cells were cultured in
Ham’s F-12 medium supplemented with 5%
fetal bovine serum, penicillin/streptomycin
(Life Technologies), 1X GlutaMAX (Life Techno-
logies), 10 pg/mL insulin, 5.5 pg/mL transfer-
rin, 6.7 ng/mL selenium (Thermofisher, www.
thermofisher.com), and 1 pg/mL hydrocorti-
sone (Thermofisher, www.thermofisher.com).
The tumorigenic line MDA-MB-435-a6HG6 [31,
32], a generous gift from Dr. Suranganie Dhar-
mawardhane of the University of Puerto Rico
School of Medicine, San Juan, Puerto Rico, was
cultured as previously described [24]. Cells
were passaged using standard culture tech-
niques. For experimentation, cells from all
lines were harvested at approximately 70%
confluency.

2D analysis of cell motility

An aliquot of the reconstituted basement mem-
brane matrix Matrigel (Corning Life Science,
Corning, NJ) was thawed on ice and handled
with ice-cold pipette tips according to the
manufacturer’s instructions. As previously des-
cribed, [24] the 20 mm glass insert of a 30 mm
plastic petri dish (Cellvis; www.cellvis.com) was
first coated with 500 ul of chilled Matrigel and
incubated for 30 minutes at 37°C to allow gela-
tion. Cells were harvested and plated onto the
pre-coated dish at a density of 1x10% cells in
100 ul of cell culture media and incubated for
30 minutes to allow the cells to attach before
filling the dish with media. The covered dish
was then placed on the stage of a microscope
positioned within an incubator set to 37°C and
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5% CO,. A time series of JPEG images was
acquired using brightfield optics and a 10X
objective at 2 minute intervals with Fire-l soft-
ware (http://fire-i-application.software.inform-
er.com). The JPEG files were assembled sequen-
tially into a 2D movie using J3D-DIAS 4.1 soft-
ware. Automatic outlining of single cells, gener-
ation of paths and data calculations were per-
formed as described elsewhere [25, 33-37].

2D analysis of coalescence

A 30 mm glass insert of a 60 mm dish was
coated with 300 pl of Matrigel [24]. The Matri-
gel coat was allowed to gel by incubation for
30 minutes at 37°C. MoVi-10~ and MCF-7 cells
were harvested and either used homogene-
ously, or MCF-7 cells were mixed with MoVi-10~
cells in different preparations. Unmixed and
mixed cultures, all containing a total of 5x10°
cells suspended in 300 ul of media, were
spread onto the Matrigel coated glass insert
and allowed to attach for 30 minutes. Chilled
cell culture media supplemented with 5%
Matrigel was then added to the dish, coating
the cells in a thin layer of Matrigel [38]. The cul-
ture was placed on the stage of a microscope
housed in 5% CO, incubator and incubated at
37°C undisturbed for 30 minutes. Coalescence
was then monitored by acquiring JPEG images
through a 4X or 10X objective in 2D, and the
number of aggregates assessed at 0 and 72
hours. Relative coalescence was computed as
the number of cells at O hours minus the num-
ber of aggregates at 72 hours, divided by the
number of cells at O hours. To determine if a
minority of MoVi-10~ cells induced aggregation
in a majority population of the non-tumorigenic
MCF-10A cells, MoVi-10~ cells were first adapt-
ed to MCF-10A media. Adaptation was accom-
plished by initially transferring cells into media
consisting of 50% of the MoVi-10~ medium, as
described above, and 50% of the MCF-10A
medium also as described above. At the next
passage, cells were transferred into 100% of
the MCF-10A media [23]. After the adaptat-
ion period, cultures containing 10% MoVi-10~
cells and 90% MCF-10A cells were prepared,
as described above for mixed cultures of MoVi-
10" and MCF-7. To determine if MoVi-10~ cells
formed bridges between islands of MCF-10A
cells in mixed cultures, MoVi-10~ cells were
mixed with 90% GFP-tagged MCF-7 cells as
described above and incubated for 24 hrs.
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3D cell culture

Cells were cultured in a 3D Matrigel as previ-
ously described in detail [24]. In brief, 100 pl of
Matrigel was spread onto the 30 mm diameter
glass insert of a 60 mm dish (Cellvis; www.cell-
vis.com) that was modified for DIC imaging as
described in Scherer et al. [24]. The Matrigel
coat was allowed to gel for 20 minutes at 37°C.
Cells were harvested from growth flasks prior
to confluency, diluted to a density of 5x10° cells
per ml in 250 yl of culture media, gently mixed,
chilled and then added to 500 pl of ice cold
Matrigel. The entire mixture was plated atop
the base layer and allowed to gel for 30 min-
utes at 37°C. The appropriate medium was
then added to the dish and gently replaced at
three day intervals over the course of the ex-
periment. Aggregation behavior was recorded
using a 3D microscope housed in a 37°C, 5%
CO, incubator with 90% humidity, described
at length in Scherer et al. [24], and analyzed
using J3D-DIAS 4.1, summarized below and
described elsewhere in detail [23-25].

3D image acquisition and optical sectioning

3D cultures of cells embedded in Matrigel were
placed on the stage of a Zeiss Axioplan 2 micro-
scope equipped with differential interference
contrast (DIC) optics, a motor-driven stage, and
a Zeiss AxioCam MRc5 IEEE 1394 color CCD
camera, all of which were housed within an
incubator set at 37°C and 5% CO, as described
elsewhere in considerable detail [23-25]. In
brief, optical sectioning was performed at 10
gm increments using a 20X objective. In this
manner, a z-series of 150 high resolution, mod-
erately compressed JPEG images was acquired
once every 30 minutes for up to 8 days. The
entire series over time was then saved in movie
format in J3D-DIAS 4.1, for subsequent object
detection, 4D reconstruction, path generation
and motion analysis.

J3D-DIAS 4.1 object detection, 4D reconstruc-
tion, path generation and data calculation

J3D-DIAS 4.1 automatically detected the in-
focus regions of cells and aggregates in each
optical section using the “complexity-based
bitmap object detection” (C-BBOD) algorithm
described elsewhere in detail [24, 25]. Over-
lapping traces in each z-series were then
stacked to generate discrete objects in 4D. The
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MCF-7 MoVi-10' 43506  10A 149 to obtain the field density
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Control:
no RT

Figure 1. Vimentin is up-regulated in MoVi-10". The levels of vimentin tran-
script were assessed by reverse transcription polymerase chain reaction (RT-
PCR). RT-PCR analysis of vimentin reveals neglible expression in MCF-7 and a
high level of expression in MoVi-10 " cells. RT-PCR analysis of vimentin expres-
sion reveals a high level of expression in in MDA-MB-435-a6HG6 and SUM149
cells and a reduced level in MCF-10A. The F-actin transcript was used to verify
uniform loading. The control represents preparations in which reverse tran-

scriptase was omitted.

“adaptive skeleton climbing isoform extraction”
algorithm [24, 25, 39] was then applied to each
object to generate a wrapped, faceted surface.
Irregularities in the 4D reconstruction were
attenuated by vertex smoothing [40]. The 3D
centroid of each object in each frame was
determined from the x, y and z coordinates of
its center and the centroids connected over
time to generate the 4D centroid path [33-35,
41-44]. Instantaneous velocities of cells and
aggregates were calculated from the position
of the 4D centroid path using the central differ-
ence method [45]. This method, in effect,
smooths out extreme variations or noise at
each centroid position [33]. At each frame or
time point (n), the centroid position of the
reconstructed cell or aggregate is determined
from its x-, y-, and z-coordinates. A vector is
drawn from the centroid in frame n-1 to the
centroid position in frame n+1, and the length
of the vector dived by twice the time interval
between the two time points [33]. Surface com-
plexity was calculated from the formula 1/(6 x
sqrtm x Vol/(surface area¥?)), where Vol is vol-
ume and sqrt is the square root. Coalescence
was quantified by the “field density” parameter,
derived by drawing the smallest possible cube
around all objects in the field in each frame and
determining the volume of all objects contained
within the cube as well as the volume of the
cube itself. The ratio of the sum of the object
volumes over the volume of the cube was calcu-
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Reverse transcriptase-poly-
merase chain reaction

RT-PCR was performed as
previously described [46]. In
brief, RNA was isolated us-
ing Trizol (Life technologies,
Carlsbad, CA) as described
by the manufacturer. 1 ug
of total RNA was treated
with Dnase | (Ambion, Life
Technologies, Carlsbad, CA)
according to the manufac-
turer’s instruction to remove
residual genomic DNA. For
reverse transcription, the
Omniscript RT-PCR Kit (Qia-
gen, Ventura, CA) was used.
The RNA was pretreated at

65°C for 5 min, underwent
reverse transcription in a total volume of 20 ul

using the OligodT primer supplied by the manu-
facturer. The resulting cDNA was amplified
using the Long Range Expand Polymerase Kit
(Roche, Indianapolis, IN). 500 ng of total cDNA
was used as a template for the primer Vimentin
FW 5-ATGTCTACCAGGTCTGTGTCCTCGTCCTC-
CTACCGCAGGATGTTC-3’ and Vimentin RV 5-
TTATTCAAGGTCATCGTGATGCTGAGAAGTCTC-
ATTGATCACCTGTCC-3’, to amplify a 1.4 KB vi-
mentin cDNA. To ensure equal loading, human
B-actin was amplified from 10 ng total cDNA of
each strain using the primers ActinFW 5’-CAT-
GTACGTTGCTATCCAGGC-3’ and ActinRV 5-CT-
CCTTAATGTCACGCACGAT-3', resulting in a 229
Bp fragment.

Light and fluorescence microscopy

Preparations containing GFP-tagged MCF-7
cells were imaged in parallel with DIC optics
and fluorescence optics, using a 20X object-
ive on a Nikon TE2000 inverted fluorescence
microscope (Nikon Instruments, Melville, NY)
connected to a Bio-Rad RadianceMP 2100
laser scanning confocal microscope.

Results
2D-DIAS analysis of single cell behavior

MoVi-10~ [29] was derived from the cell line
MCEF-7, a weakly tumorigenic breast cancer cell

Am J Cancer Res 2015;5(11):3485-3504



Tumor heterogeneity generated by coalescence

B MoVi-10°
0 min 10 min

1™~

e
0 min 02’ 10 min
]
\i
Q

C  Translocation paths of MCF-7
(0to 5 hr)

E Instantaneous velocity over time F  Average instantaneous
—— MoVi-10° velocity assessed in 2D
wls —— MCF7 £135
%12@ E 120
5105 2105
= g w
g 75 25
g 60 2 e
| on e A i o
R S S P l
Z1s 15
00 T T T T T A T ! T 1 2 MoVi-10" MCF-7

Time (hrs)

Figure 2. 2D computer-assisted analysis of single cell motility reveals that MoVi-10~ cells are on average twice as
fast as MCF-7 cells. Motility was assessed on the surface of a Matrigel film. A. Phase contrast images over a 30
minute period, of representative MCF-7 cells. The arrows in 30 min panels denote extent and net direction of cel-
lular translocation. B. Phase contrast images over a 30 minute period, of representative MoVi-10 ~ cells. The arrows
denote in 30 min panels extent and net direction of cellular translocation. C. Computer-generated perimeter tracks
of representative MCF-7 cells over a five hour period. Colored image represents cells at last time point. D. Computer-
generated perimeter tracks of representative MoVi-10 ~ cells over a five hour time period. E. Instantaneous velocity
plotted as a function of time averaged for 20 MCF-7 and 25 MoVi-10 " cells. F. Mean instantaneous velocity for the
20 MCF-7 and 15 MoVi-10~ cells analyzed in panel E. Error bar represents standard deviation.

line, through transfection with the vector LK-
444 [47] containing the full-length mouse open
reading frame of the vimentin cDNA, under the
control of the R-actin promoter [48]. MoVi-10~
cells formed significantly larger tumors when
injected into the mouse mammary pad than the
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parental MCF-7 cells [29]. An analysis of vimen-
tin expression by the reverse transcription-poly-
merase chain reaction (RT-PCR) confirmed that
transcription of vimentin was high in derivative
MoVi-10~ cells and undetectable in MCF-7 cells
under the same conditions (Figure 1). RT-PCR

Am J Cancer Res 2015;5(11):3485-3504



Tumor heterogeneity generated by coalescence

Table 1. Motility and morphology parameter reveal that individual MoVi-10 ~ cells are more motile

than individual MCF-7 cells

Total path length  Instantaneous velocity  Positive flow

Cell type N (m) (um/hr) (%) Persistence Area (mm?)
MCEF-7 20 246.2 £+ 45.5 444 +8.1 11.5+2.4 0.26 £0.14 458.0+82.3
MoVi-10~ 25 507.7 £+ 127.4 94.3 +£23.9 271 +9.6 0.23+0.18 297.5+66.7
P-values 0.0076 0.00072 0.0210 NS 0.100

Values are presented as means * standard deviation. NS, not significant.

analysis also revealed that vimentin was ex-
pressed at higher levels in the cell lines MDA-
MB-43506HG6 and SUM149 cells, which
undergo coalescence [24] and unpublished
observations, than in MCF-10A cells, which do
not undergo coalescence [24], suggesting a
correlation between vimentin expression and
coalescence (Figure 1). Immunostaining with
40E-C, a monoclonal antibody against vimen-
tin, confirmed that vimentin was over-expressed
and correctly localized in MoVi-10~ cells (data
not shown). It had previously been shown
that MoVi-10~ cells invaded a laminin/collagen-
coated Millipore filter in a Boyden chamber at
twice the rate of MCF-7 cells [29]. These results
were interpreted to mean that individual MoVi-
10" cells were more motile than MCF-7 cells.
To test this directly, MCF-7 and MoVi-10~ cells
were plated at low density on the surface of a
slide coated with Matrigel and single cell behav-
ior was recorded in 2D at 2 minute intervals for
24 hours. Phase contrast images of represen-
tative MoVi-10™ and MCF-7 cells are present-
ed at 10 minute intervals over a 30 minute
period in Figure 2A and 2B, respectively. The
net translocation tracks (compare arrows in
Figure 2A and 2B) suggested that MoVi-10~
cells were far more motile than MCF-7, as previ-
ously inferred from Boyden chamber experi-
ments [29]. Computer-generated 2D perimeter
tracks of cells also suggested that MoVi-10~
cells traveled longer distances in the same
time interval (5 hours) than MCF-7 cells on the
Matrigel surface (Figure 2C and 2D, respect-
ively), within the same time interval. Computer-
assisted measurements of instantaneous ve-
locity over a five hour period of analysis [33,
34] revealed that on average individual MoVi-
10~ cells were approximately twice as fast as
individual MCF-7 cells (Figure 2E). The mean
instantaneous velocity (+ standard deviation)
of 20 MCF-7 and 25 MoVi-10~ cells over the five
hour period was 44.4 + 8.1 and 94.3 + 23.9
pm per hour (Figure 2F). The difference was
highly significant (P value of 0.00072). The
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instantaneous velocity of the individual MoVi-
10” cells was also significantly higher than
other tumorigenic cell lines derived from breast
cancer, such as MDA-MB-435a6HG6, which
exhibited an instantaneous velocity of 36.8 +
.09 um per hour under similar conditions.
Measurements of the parameter “positive
flow”, which is computed as the displacement
of cell area per unit time and, hence, is not
based on the cell centroid [34], also revealed
that the translocation of MoVi-10~ on a surface
was more than twice that of MCF-7 (Table 1).
However, the mean persistence of transloca-
tion, measured as the net path divided by the
total path [34, 49, 50] was similar for MCF-7
and MoVi-10~ cells (Table 1). Quantitative anal-
yses of area suggested that MCF-7 cells were
on average either larger or flatter than in MoVi-
107 cells (Table 1).

Coalescence in MCF7 and MoVi-10 ~ mixtures

We previously showed that when cells from
tumorigenic cell lines and cells cultured from
fresh tumor tissue were seeded in a 3D Matri-
gel matrix, they multiplied to form individual
clonal islands or primary aggregates that then
coalesced to form very large aggregates [24].
Eventually, most of the primary aggregates in
a territory of Matrigel were incorporated into
one massive aggregate that in some cell lines
formed, in time, a hollow sphere with a differen-
tiated architecture [24]. In marked contrast,
cells from non-tumorigenic or very weakly tu-
morigenic lines, and fresh non-cancerous tis-
sue seeded in Matrigel, formed clonal aggre-
gates through cell multiplication, but these
aggregates did not coalescence [24]. These
alternative scenarios were observed in cell
preparations from a variety of tumorigenic cell
lines and cells from fresh tumor tissues [24].

First using traditional light microscopy, we test-

ed whether these alternative scenarios held for
the highly tumorigenic derivative MoVi-10~ and
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Figure 3. Phase contrast microscopy images over a 50-hour period of aggregates in a 3D Matrigel reveal that
MoVi-107, but not MCF-7, undergo primary aggregate coalescence. A. MCF-7 aggregates. B. MoVi-10 ™ aggregates.
Aggregates are numbered. After a fusion, the coalesced aggregate numbers are combined with slashes between.
Micrographs were all taken through phase contrast microscope with a 4X objective at a fixed distance.

the weakly tumorigenic parent cell line MCF-7.
Homogeneous populations of each strain were
cultured in 3D in Matrigel in 5% CO, at 37°C.
Cultures were imaged in one plane at 200X
maghnification using phase optics. In Figure 3A,
the discernable clonal islands at 30 hours that
were formed by MCF-7 cells are numbered 1
through 5. At subsequent time points between
30 and 80 hours, three new aggregates, 6, 7
and 8, moved into the plane of view. Through
this period of analysis, no coalescence was
observed. The same analysis was performed
with MoVi-10~ cells. In contrast to MCF-7 cul-
tures, the aggregates formed by MoVi-10~ cells
coalesced throughout the period of analysis. In
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the first 10 hours, the first coalescence
occurred between aggregates 1 and 2, and
after 50 hours, aggregates 1, 2, 3,4, 5, 6, 7, 8,
10 and 11 had formed a single, large aggre-
gate, 1/2/3/4/5/6/7/8/10/11 (Figure 3B). A
previously reported [24], the largest aggregate,
in this case aggregate 1, acted as the focal
point for coalescence with smaller aggregates.

3D reconstruction of coalescence
We next generated high-resolution 3D recon-
structions over time (4D) of MCF-7 and MoVi-

10 preparations embedded in 3D Matrigel
(Figure 4) using the “complexity-based bitmap

Am J Cancer Res 2015;5(11):3485-3504
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Figure 4. J3D-DIAS 4.1 reconstructions of a region of aggregates in Matrigel over a 90 hour period beginning at 96
hours and ending at 186 hours reveal that primary aggregates of MoVi-10 ”, but not MCF-7, undergo coalescence. A.
A representative field of four MCF-7 primary aggregates. Note that there is no coalescence. B, C. Two different fields
of four MoVi-10 ~ aggregates. Note coalescence in each case.

object detection” software C-BBOD in the J3D- time measurement of living cells embedded in
DIAS 4.1 software program [23-25]. A 4D real matrix allows identification of behaviors that
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either do not occur on a 2D substrate [51] or
are not resolvable with standard light micros-
copy [52]. Each reconstruction of aggregates
presented in Figure 4 included three in a 3D
viewing region of interest and was based on
150 optical sections, at 10 ym increments,
through 1500 pm in the Z-axis [24]. 3D recon-
structions obtained over the 90 hour period,
between 96 and 186 hours are presented in
Figure 4A for MCF-7 preparations and Figure
4B and 4C for two MoVi-10~ preparations. In
the MCF-7 field of analysis, there were four
aggregates at 96 hours. Subsequently, the
aggregates underwent changes in shape, which
included some protrusion of cells from the
aggregate surfaces, for instance at the bottom
of aggregate 2 at 146 hours (Figure 4A).
However, even when MCF-7 aggregates came
in contact, as in the case of aggregates 1 and
2, at 176 hours, they did not coalesce (Figure
4A).

In marked contrast, 3D reconstructions of
MoVi-10~ preparations revealed a high degree
of coalescence over the same time period
(Figure 4B, 4C). In the region of analysis in
Figure 4B, there were five initial aggregates at
96 hours. By 116 hours, cells had extended
from aggregates 2 and 3 towards each other
and established contact (arrows). At the same
time, several protrusions emerged from aggre-
gate 2 in the direction of aggregate 1, resulting
in coalescence to form aggregate 1/2 by 126
hours. Aggregate 1/2 then coalesced with
aggregate 3 146 hours (Figure 4B). At 146
hours, aggregate 4 extended a protrusion
towards aggregate 1/2/3, generating through
coalescence aggregate 1/2/3/4 at 166 hours
(Figure 4B). Thus all of the initial aggregates at
96 hours had coalesced by 166 hours (Figure
4B). The composite aggregate compacted bet-
ween 166 and 186 hours. Aggregate 5 exited
the field of view between 126 and 186 hours
(Figure 4B). In a repeat experiment presented
in Figure 4C, four aggregates at 96 hours
coalesce into 1/4 and 2/3 between 96 and
186 hours, and these two composites subse-
quently combined to form aggregate 1/2/3/4
after 200 hours (data not shown).

Quantitative differences in aggregate behavior

Because the original 3D-DIAS software pro-
gram [33-37, 42, 52] and the upgraded J3D-
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DIAS 4.1 software program [23-25] convert the
final reconstructions into mathematical mod-
els, a number of parameters that quantify
aggregate behavior can be computed. In the
experiment in Figure 5, relative aggregate num-
ber (i.e., the number normalized to that at 100
hours) in a field of 10 MCF-7 aggregates
remained at 100% between 100 and 160
hours, and then dropped to 80% at 170 hours
(Figure 5A). In contrast, relative aggregate
numbers for a field of 12 MoVi-10~ aggre-
gates fell to 10% after 170 hours (Figure 5A).
Coalescence was also assessed by the “field
density” parameter. To compute this parame-
ter, the smallest 3D box that encompasses all
the aggregates in a field is constructed at each
time point, the volume of aggregates within
that bounding box is determined and divided
by the box volume. For comparison, the initial
ratios, in this case at 80 minutes, were normal-
ized to one. The field density of MCF-7 cells
increased by about 33% (Figure 5B), due main-
ly to aggregate growth, while that of MoVi-10~
increased 133% from 1.0 to approximately
2.33 (Figure 5B). The large increase in field
density of the MoVi-10~ preparation was due to
the directed movement of aggregates towards
a single focal point and coalescence. The move-
ment of aggregates was assessed by com-
puting the mean instantaneous velocity [34],
based on the translocation of the 3D centroid
of reconstructed aggregates in the field of
analysis over a 90 minute period (Figure 5C).
The mean velocity of MCF-7 aggregates re-
mained constant at approximately 3 uym per
hour, while that of MoVi-10~ aggregates re-
mained at approximately 7 ym per hour, with
transient peaks resulting from coalescence
events (Figure 5C).

Finally, the complexity of aggregates, an indi-
rect reflection of the degree of compactness
and cellular movement within an aggregate
and at its periphery [23-25], was assessed
over time (Figure 5D). The mean surface com-
plexity of MCF-7 was relatively stable fluctuat-
ing between 1.0 and 1.15. That of MoVi-10~
aggregates remained at approximately 1.3 bet-
ween 80 and 120 hours, increased to approxi-
matelyl.4 to 1.5 between 120 and 150 hours,
then decreased to approximately 1.2 thereafter
(Figure 5D). The increase in surface complexity
of MoVi-10~ aggregates (Figure 5D) correlated
with an increase in the rate of coalescence,
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Figure 5. Quantitation of 3D parameters using J3D-DIAS 4.1 reveals that MoVi-10 " primary aggregates coalesce,
move faster in the Matrigel matrix, and exhibit more surface complexity than MCF-7 primary aggregates. For each
cell line, ten primary aggregates in a single 3D field of analysis were reconstructed in 3D over a 90 hour period us-
ing J3D-DIAS 4.1 software, and the resulting mathematical models used to computer parameters. A. The relative
number of aggregates, computed as percent of 80 hour reconstruction. B. Field density normalized to that of the 80
hour reconstruction. C. Average instantaneous velocity. D. Average surface complexity.

and the decrease after 15 hours to compaction
of the aggregates formed by coalescence
(Figure 5A, 5B).

MoVi-10 ~ aggregates coalesce by forming cel-
lular cables

We previously demonstrated [24] that coales-
cence between aggregates of the tumorigenic
cell line MB-435-Brl is actively facilitated
either by interactions between specialized
large, multinucleated facilitator cells released
from aggregates and probes extending from
the surfaces of aggregate, or by probes alone.
In both cases the cells formed cables between
aggregates, then the multicellular cables con-
tracted to facilitate coalescence. Analysis of
DIC images taken at one depth over time
revealed that there was very little cellular activ-
ity at the surfaces of neighboring MCF-7 aggre-
gates in the inter-aggregate space (Figure 6A).
However, cells penetrated the inter-aggregate
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spaces between MoVi-10~ aggregates during
the process of coalescence (Figure 6B). To
examine the mechanism that mediates coales-
cence of MoVi-10~ aggregates in 3D, we select-
ed a time series in which the space between
two aggregates undergoing coalescence was
visible. We used the C-BBOD tracing method for
aggregates and the manual tracing option of
J3D-DIAS 4.1 software for single cells [23-25].
Single cell reconstructions were then combined
with caged aggregate reconstructions. A re-
presentative coalescence event, occurring at
approximately 24 hours, is presented in Figure
7. Three cells, color-coded green, purple and
red, can be seen at 120 hours of culture, at the
periphery of aggregate 1 penetrating the inter-
aggregate space (Figure 7). Between 120 and
126 hours, these cells formed an aligned cable
that penetrated the space, extending in the
direction of aggregate 2 (Figure 7). The end of
the cable contacted aggregate 2 at 126 hours,
forming a bridge (Figure 7). Between 129 and
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A MCF-7

Figure 6. Inter-aggregate regions of MCF-7 preparations are devoid of cells whereas inter-aggregate regions of MoVi-
10~ preparations are filled with probing cells. A. DIC images of MCF-7 preparation between 96 and 245 hours. B.
MoVi-10~ preparation between 96 and 245 hours. Note coalescence at 198 and 245 hours in the MoVi-10 " prepa-
ration. Arrows in panels of 138 and 166 hours of MoVi-10 " preparation point to probing cells in the inter-aggregate

space.

144 hours, the bridge contracted and reorga-
nized, bringing the two aggregates together. By
144 hours, the two aggregates no longer had a
distinct boundary. In this example aggregate 1
was drawn to aggregate 2. This behavior was
observed multiple times between pairs of MoVi-
10 aggregates undergoing coalescence but
was never observed in preparations of MCF-7
or non-cancerous cell lines. In Supplementary
Movies 1 and 2, the behaviors described for
MCF-7 and MoVi-10~ aggregates are present-
ed. These movies represent the DIC images at
a single plane in Matrigel preparations followed
from 100 to 170 hours. In the MoVi-10~ movie
the behavior of the cells forming the cable and
coalescence can be discerned.
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Minority MoVi-10 ~ cells induce majority MCF-7
cells to aggregate in two dimensions

Because MoVi-10~ aggregates rapidly coalesce,
but MCF-7 aggregates did not, we tested
whether minority MoVi-10~ cells could facilitate
coalescence in majority MCF-7 cultures. In the
first test, mixtures of cells were distributed on a
cushion of Matrigel at relatively high density
and photographed at O and 72 hours. Mixtures
included 5%, 10%, 25% and 50% MoVi-10~
cells. Preparations of 100% MCF-7 and 100%
MoVi-10~ cells were also tested. Qualitatively,
the number of individual cells and aggregates
at 72 hours, when compared to the original
number of cells in the Matrigel surface at O
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123 hr 126 hr
129 hr 132 hr 135 hr
138 hr 141 hr 144 hr

Figure 7. Coalescence is achieved in MoVi-10 ~ cultures through the formation of cellular bridges that then contract,
moving the smaller aggregate, in this case aggregate 1, into the larger one, aggregate 2. Aggregates were recon-
structed by J3D-DIAS 4.1 using C-BBOD for automatically tracing and reconstructing aggregates and manual tracing

for cells. Single cells forming the bridge are color-coded solid green, purple and red.

hours, was less in the mixtures of MCF-7 and
MoVi-10~ cells, and the 100% MoVi-10~ cul-
tures than it was in the 100% MCF-7 culture
(Figure 8A). We then plotted the percent de-
crease in the number of individual cells plus
aggregates between 0 and 72 hours, as a
function of time (Figure 8B). For 100% MCF-7
cells, there was a 27 + 6% decrease, but for 5%
and 10% mixture, there wasa 75 + 5and 79 +
4% decrease (Figure 8B). Interestingly, as more
MoVi-10~ cells were added (25 and 50%), the
percent gradually became less. For 1700% MoVi-
10~ cell preparations, the decrease in the num-
ber of cells plus aggregates at 72 hours was
55%. These results suggested that MoVi-10~
facilitated MCF-7 coalescence.
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Minority MoVi-10 ~ cells induce minority MCF-7
aggregates to coalesce in 3D

We next tested whether minority MoVi-10~ cells
induced majority MCF-7 cells to coalesce in a
3D Matrigel model. In Figure 9, a single area
of aggregates formed by a mixture of 10%
MoVi-10~ cells and 90% MCF-7 cells in the 3D
Matrigel model is reconstructed from 55 hours
to 105 hours using the C-BBOD automatic
object identification feature in J3D-DIAS 4.1.
In the selected field of analysis there were
10 aggregates (Figure 9A). To verify the inde-
pendence of the 10 aggregates at 50 hours,
we rotated the field to observe all surfaces

(Supplementary Figure 1). During rotation, the
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A 2D Images of Matrigel culture

B Coalescence as a function of percent MoVi-10" in the population
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Figure 8. A minority of MoVi-10~ cells will induce coalescence by majority MCF-7 cells on a 2D Matrigel surface. Co-
alescence was assessed by distributing cells on a Matrigel surface, then overlaying the 2D model with a second coat
of Matrigel. A. Phase contrast micrographs are presented of cell preparations at 0 and 72 hours for 0% MoVi-10 7,
100% MCF-7; 5% MoVi-10~, 95% MCF-7; 10% MoVi-10~, 90% MCF-7; 25% MoVi-10 ", 75% MCF-7; 50% MoVi-10 ",
50% MCF-7; and 100% MoVi-10~, 0% MCF-7 cells. B. The percent coalescence at 72 hours as function of percent

MoVi-10~ cells.

aggregates in the front of the reconstruction
appear larger, and when rotated to the back of
the field, appear smaller. All aggregates at 50
hours proved to be independent (Supplement-
ary Figure 1). Through the 55 hours of analysis,
aggregates 1, 2, 3, 4, 7 and 8 coalesced to
form aggregate 1/2/3/4/7/8, and aggregates
5 and 6, and 9 and 10, coalesced to form
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aggregates 5/6 and 9/10 (Figure 9). This result
was obtained in repeat experiments. As dem-
onstrated in Figures 3A and 4A, a 100% MCF-7
aggregates formed by the multiplication of cells
seeded in the 3D Matrigel model did not co-
alescence. These results verify that a minority
of MoVi-10~ cells induce coalescence of MCF-7
aggregates.
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Figure 9. Using J3D-DIAS 4.1 software, 3D reconstructions over a 55 hour period revealed that primary aggregates
of a mixture of 10% MoVi-10~ cells and 90% MCF-7 cells undergo coalescence. Coalescence occurred between
primary aggregates 1, 2, 3, 4, 7 and 8, aggregates 5 and 6, and aggregates 9 and 10. Rotation of the 50 hour
preparation in Supplementary Figure 1 shows all primary aggregates are initially independent.

MCEF-7 coalescence is facilitated by the forma-
tion of MoVi-10 ~ cables

Since the coalescence of MoVi-10~ aggregates
is facilitated by the formation and contraction
of cellular cables, we tested the possibility that
minority MoVi-10~ facilitated the coalescen-
ce of MCF-7 aggregates by forming MoVi-10~
cables. To accomplish this, MCF-7 cells express-
ing green fluorescent protein, were mixed with
unlabeled MoVi-10~ cells in the 3D Matrigel
model at a 9:1 ratio, and incubated for 48
hours. Aggregates and intervening spaces were
then visualized simultaneously by DIC and fluo-
rescence microscopy. The fluorescent images,
DIC images and colored cellular bridges are
presented in Figure 10 for four sets of aggre-
gates and their intervening spaces. In each
case, the cells in the aggregates were com-
posed primarily of fluorescent MCF-7 cells,
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whereas the cells forming cables in the inter-
vening spaces contained no MCF-7 cells (Fig-
ure 10A-D). In the interspaces between aggre-
gates in Figure 10A and 10B, examples are
presented of cellular bridges between two
aggregates. In both cases, the bridges are com-
posed exclusively of unlabeled MoVi-10~ cells.
In Figure 10C and 10D, examples are present-
ed of MoVi-10~ cells in an intervening space
extending pseudopods and filopodia to multiple
MCF-7 aggregates. Ten interspace regions were
imaged and found to contain non-fluorescent
MoVi-10~ cells in the cables and inter-aggre-
gate spaces. Such connections and bridges
were not formed in inter-aggregate spaces of
preparations formed by homogeneous popula-
tions of MCF-7 cells of the cell line expressing
GFP. These results demonstrate that minority
MoVi-10~ cells facilitate coalescence between
aggregates of MCF-7 cells by forming cables
that then bring together MCF-7 aggregates.
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Outlined
MCF-7-GFP MoVi-10" bridge

Figure 10. Minority MoVi-10~ cells facilitate coalescence of majority MCF-7 cell primary aggregates by forming
cellular bridges. 90% MCF-7 cells expressing green fluorescent protein were mixed with 10% unlabeled MoVi-10~
cells and seeded in 3D Matrigel. Primary aggregates attached by cellular bridges were first imaged with DIC
optics to view all cells, then with fluorescence microscopy to view only MCF-7 cells. Note that the bridges between
primary aggregates (white arrows) were composed only of unlabeled MoVi-10~ cells. A-D. Representative examples
in which the cellular bridges are formed exclusively by nonfluorescent MoVi-10 ~ cells. For each of the four examples,
we have outlined and colored in pink the unlabeled MoVi-10~ cells forming the bridges, in the last of the three
panels.
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A Comparison of early coalescence (0-22 hours).

100% MCF-10A

-

100% MoVi-10°

90% MCF-10A:10% MoVi-10°
Ly A% b 0640

Figure 11. MoVi-10 " mediates coalescence in preparations of the non-tumorigenic cell line MCF10A. Cells were
dispersed on a Matrigel film, which was then overlaid with a layer of Matrigel. Preparations were examined in 2D at
10x magnification using phase optics. A. The mediation of coalescence by 22 hours. Preparation included 100%
MCF-10A; 100% MoVi-10 “; and 90% MCF-10A, 10% MoVi-10 " cells. For each preparation, images are shown at 0.5,
10 and 22 hours. Note that 10% MoVi-10 " cells, 90% MCF-10 cells undergo coalescence by 22 hours, but not to the
extent of 100% MoVi-10 "~ preparations. B. At 48 hours, coalescence of the 90% MCF10A, 10% MoVi-10 " prepara-

tions is close to that of the 100% MoVi-10 ~ preparations.

MoVi-10 ~ mediates coalescence of a non-
cancerous epithelial cell line

Since the tumorigenic, coalescing cell line

MoVi-10~ was derived from weakly tumorigenic,
non-coalescing MCF-7 cell line, the facilitation
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of coalescence may reflect a compatibility and
exclusiveness related to pedigree. We there-
fore tested whether MoVi-10~ also facilitated
coalescence of the non-cancerous breast epi-
thelial cell line MCF-10A, which is unrelated
[28]. This line, like MCF-7, does not undergo
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aggregate coalescence in the 3D Matrigel
model [24]. Mixing experiments of MoVi-10~
and MCF-10A in a ratio of 1:9 resulted in the
induction of coalescence of majority cell aggre-
gates through 22 hours (Figure 11A). Although
the extent of coalescence at 22 hours was not
as pronounced as in pure MoVi-10~ cultures, by
48 hours, aggregates in the 90% MCF-10A:
10% MoVi-10~ cultures were comparable to the
22 hour aggregates on 100% MoVi-10~ cul-
tures (Figure 11B).

Discussion

Using the 3D Matrigel model and the computer-
assisted reconstruction and motion analysis
system J3D-DIAS-4.1 [23-25], we previously
discovered several new characteristics of
tumorigenic cell lines not shared with non-
tumorigenic or weakly tumorigenic cell lines
[24]. First we found that when tumorigenic cell
lines or cells cultured from fresh tumors were
seeded in a 3D Matrigel, they formed primary
aggregates by cell multiplication, which then
coalesced to form larger aggregates that in
time differentiated into spherules. The coales-
cence of aggregates was accomplished through
two related scenarios. In the first, large, multi-
nucleated facilitator cells exited the aggregate
and interacted with cells at the aggregate sur-
face, which extended filopodia but did not exit
the aggregate (“probes”). The two cell types
formed cellular cables that contracted, drawing
smaller aggregates into larger ones. In the sec-
ond scenario, “probes” at the aggregate sur-
faces extended into the inter-aggregate spaces
without leaving the aggregates. Once contact
between probes from the two separate aggre-
gates was established, additional cells crawled
out of the aggregates and became entwined
around the original cell extensions, forming a
cellular cable. These cables contracted, pulling
the smaller to the larger aggregate. The aggre-
gate then coalesced. When non-tumorigenic
cells were seeded in the same 3D Matrigel
model, they multiplied to form primary aggre-
gates, but the formation of specialized facilita-
tor and probe cells was absent, and coales-
cence did not occur. The cell lines that under-
went coalescence included MDA-MB-435-BR1,
MDA-MB-435-a06HG6, MoVi-10~, LN18, U87,
MARI 011, MARI 023, MARI-028, MARI M2 [24]
and MDA-MB-231. The cell lines that did not
undergo coalescence included MCF-10A, MARI
027 and MCF-7 [24].
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Here, we have tested whether minority cells
from a highly tumorigenic and motile cell line,
MoVi-10~, which rapidly undergoes aggregate
coalescence in 3D Matrigel, could induce
majority cells of the weakly tumorigenic paren-
tal cell line, MCF-7, derived from the pleural
effusion of a metastatic breast cancer patient
[53], to undergo coalescence. We found that as
little as 5% MoVi-10~ cells facilitated coales-
cence of aggregates composed primarily of
MCF-7 cells, which by themselves did not
undergo primary aggregate coalescence. We
also found the minority MoVi-10~ cells mediat-
ed coalescence between primary aggregates of
a completely unrelated, non-cancerous epithe-
lial cell line, MCF-10A [28], which had previous-
ly been shown to be incapable of undergoing
coalescence [24].

Increased motility of MoVi-10 ~ cells

The tumorigenic MoVi-10~ cell line, which over-
expresses the intermediate filament vimentin,
was derived from the breast cancer cell line
MCF-7 [29]. Hendrix et al. [29] demonstrated
that MoVi-10~ cells were more invasive than
their parent cell line, MCF-7, penetrating a filter
in a Boyden chamber at twice the rate. Here, we
extend those findings using computer-assisted
single cell analysis [33, 34] to show that MoVi-
10~ cells are twice as fast as MCF-7 cells on a
2D Matrigel surface. This increase in single cell
motility correlates with the high level of coales-
cence and cell activity within MoVi-10~ aggre-
gates. It should be noted that as is the case for
increased motility [54-56], we show here that
the capacity to undergo coalescence correlates
with an increase in the expression of vimentin.
However, our goal here was not to study the role
of vimentin, but to exploit the vimentin over-
expressor, MoVi-10", which undergoes coales-
cence very rapidly and aggressively, to test our
hypothesis.

MoVi-10 ~ and the formation of cellular cables

The mechanism by which minority MoVi-10~
cells facilitate coalescence is quite remarkable.
After individual cells seeded in Matrigel multi-
ply and form clonal islands, or primary aggre-
gates, cells actively enter inter-aggregate spac-
es and form cables that bring together the
aggregates in the process of coalescence. The
behavior of MoVi-10~ cells in these cables is
reminiscent of the behavior of myofibroblasts in
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wound healing [57], and the behavior of sec-
ondary mesenchymal cells in sea urchin devel-
opment [58]. Indeed, MoVi-10~ was generated
[29] because of the role vimentin appears to
play in the epithelial to mesenchymal transition
[59] and the increase in motility caused by
vimentin expression in metastatic cells [54,
56, 60]. Here, we have demonstrated that a
minority of MoVi-10~ will mediate coalescence
between primary aggregates of weakly tumori-
genic or non-tumorigenic cells, which alone do
not undergo coalescence, by actively forming
cables between them. Only the MoVi-10~ cells
form the cables, indicating that they do not
induce that capacity in non-coalescing cells.

Implications

The results presented here extend our original
observation that tumorigenic cell lines and
fresh tumor cells possess the unique capacity
to undergo coalescence through the active for-
mation of cellular cables [24]. More important-
ly, they also provide a possible mechanism for
how multiple foci may be brought together in a
cancerized epithelial field, and a possible expla-
nation, at least in part, for how non-tumorigenic
cells, including fibroblasts and endothelial cells
[61], can be actively pulled into a growing tumor
and comprise the majority of the cells in a
tumor.
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Tumor heterogeneity generated by coalescence

Supplementary Movie 1. Non-coalescing MCF-7. Cells from the weakly tumorigenic cell line MCF-7 divide to form
islands of cells (primary aggregates) that do not undergo coalescence, seeded in 3D Matrigel. Movie is a series of
DIC images from a single plane acquired at 30 minute intervals over a period of 70 hours.

Supplementary Movie 2. Coalescing MoVi-10. Cells from the tumorigenic cell line MoVi-10 " undergo rapid coales-
cence when embedded in 3D Matrigel matrix. Movie is a time series of DIC images at a single plane, acquired at 30
minute intervals over a period of 70 hours.



Tumor heterogeneity generated by coalescence

Supplementary Figure 1. Rotations of 3D reconstructions at the 50 hour time point in a preparation of aggregates
containing 90% MCF-7 and 10% MoVi-10 " cells (Figure 9) demonstrates 10 independent aggregates and their rela-
tive positions prior to the onset of coalescence. The asterisk on the right rear corner of the grid in panel one is a
reference point for rotation of the grid.



